DDB1, a component of the Cul4 ubiquitin ligase complex, promotes protein ubiquitination in diverse cellular functions, including nuclear excision repair, regulation of the cell cycle, and DNA replication. To investigate its physiological significance, we generated mice with null and floxed alleles of the DDB1 gene. Here we report that null mutation of DDB1 caused early embryonic lethality, while conditional inactivation of the gene in brain and lens led to neuronal and lens degeneration, brain hemorrhages, and neonatal death. These defects stemmed from a selective elimination of nearly all proliferating neuronal progenitor cells and lens epithelial cells by apoptosis. The cell death was preceded by aberrant accumulation of cell cycle regulators and increased genomic instability and could be partially rescued by removal of the tumor suppressor protein p53. Our results indicate that DDB1 plays an essential role in maintaining viability and genomic integrity of dividing cells.
INTRODUCTION
The nucleotide excision repair (NER) pathway recognizes and removes a wide variety of helix-distorting DNA lesions induced by ultraviolet (UV) light, chemical carcinogens, or oxidative stress (Bootsma et al., 2002; Cleaver, 2005) . Defects in the NER pathway account for the rare autosomal recessive human disorders xeroderma pigmentosum (XP) and Cockayne syndrome (CS), with hallmarks in sunlight-induced skin defects and/or neurological abnormalities (Bootsma et al., 2002) . Two subpathways of NER exist: a rapid transcription-coupled repair (TCR) for damage on the transcribed strand of active genes and a slow global genomic repair (GGR) for damage elsewhere in the genome. The large subunit of the UV-damaged DNA binding (DDB) complex, DDB1, is involved in both GGR and TCR. DDB1 is present in an E3 ubiquitin ligase complex containing Cullin 4A (Cul4A) and either DDB2 or CS-group A (CSA) (Groisman et al., 2003) . Once bound to a damaged DNA lesion during GGR, the DDB1-Cul4A ligase is activated and ubiquitinates DDB2 and XP-group C (XPC), resulting in degradation of DDB2 and stable association of XPC with the damage site (Sugasawa et al., 2005) . CSA-mediated proteosomal degradation of CSB by DDB1-Cul4A was recently shown to allow for post-TCR recovery of transcription (Groisman et al., 2006) . DDB1 also targets several other proteins for polyubiquitination and degradation. Cdt1, a DNA replication licensing factor, is targeted for proteolysis in response to DNA damage and during the cell cycle (Higa et al., 2003; Hu et al., 2004; Nishitani et al., 2006) . DDB1-Cul4A is directed to mediate the destruction of Cdt1 only when bound with proliferating cell nuclear antigen (PCNA) (Arias and Walter, 2006) , underscoring the tight regulation of DDB1-Cul4A in controlling cell cycle progression and the DNA damage response in mitotic cells. c-Jun and STAT proteins are recruited for degradation to DDB1-Cul4A via additional adaptor proteins hDet1-Cop1 and paramyxovirus V proteins, respectively (Precious et al., 2005; Wertz et al., 2004) . A number of histones, including H2A (Kapetanaki et al., 2006) , H3, and H4 (Wang et al., 2006) , were recently found to be modified by DDB1-Cul4A-mediated ubiquitination, connecting histone ubiquitination with DNA damage repair. The growing list of substrates for DDB1-Cul4A may also include p27Kip1 (Bondar et al., 2006) , a known target for the Skp1-Cul1 E3 ligase. A crystal structure of DDB1 alone or in complex with a paramyxovirus V protein has recently been resolved, revealing a double propeller pocket on one side of the molecule, into which the V protein inserts, and a third propeller on the opposite side, which makes contact with Cul4A (Li et al., 2006) . DDB1 has been highly conserved during evolution. Deletion of the DDB1 gene in fission yeast leads to an increased spontaneous mutation rate and failed progression into meiosis, partially due to failed degradation of the replication inhibitor Spd1 (Bondar et al., 2004; Holmberg et al., 2005) . Loss of DDB1 in fruit flies causes lethality early in development (Takata et al., 2004) . Interestingly, inactivation of Cul4 in worms leads to both failure to degrade Cdt1 during S phase of the cell cycle and massive DNA re-replication (Zhong et al., 2003) , and deletion of Cul4A in mice, despite its intact homolog Cul4B that shares 87% sequence similarity, causes lethality by embryonic day 7.5 (E7.5) (Li et al., 2002) .
Here we describe generation of lines of mice carrying null or floxed DDB1 alleles. Consistent with its critical role in development in other organisms, a null mutation of DDB1 led to early embryonic lethality. To examine the role of DDB1 in the central nervous system (CNS), we crossed the floxed DDB1 mice to a transgenic line that expresses the Cre recombinase under the control of a rat nestin promoter and enhancer (Tronche et al., 1999) . We found that DDB1 was deleted in the brain as well as the lens of mutant embryos, leading to genomic instability and apoptosis of proliferating cells. Finally, removal of p53 suppressed many of the phenotypes of these mice, rescued many mitotic cells from death, and allowed their survival and aberrant proliferation.
RESULTS
Targeted Inactivation of the DDB1 Gene DDB1 is ubiquitously expressed in all mouse tissues including brain (see Figures S1A and S1B in the Supplemental Data). A DDB1 transcript is highly abundant in early embryos, progressively decreasing during the course of embryonic development ( Figure S1B ). To investigate the developmental role of DDB1, we used Cre/lox technology to introduce conditional mutations of DDB1 in mice. LoxP sites were inserted into the intronic sequences flanking exon 5 of the DDB1 gene by homologous recombination in embryonic stem (ES) cell lines ( Figure 1A ). Upon Cremediated recombination, excision of the 5th exon would fully inactivate the gene, creating a null DDB1 allele (DDB1 D ). Splicing the primary transcript to join the 4th exon to the 6th exon, if it occurred, would only encode the first 183 amino acids of DDB1, which would not retain any of the functional structural domains defined in the crystal structure of DDB1 (Li et al., 2006) . Four independently targeted ES cells, after undergoing removal of the neomycin resistance marker in vitro ( Figure 1A and Figure S1C ), were injected into C57BL/6J blastocysts and transferred to pseudopregnant females. Chimeric males from two ES cells gave germline transmission of the floxed DDB1 gene (DDB1 F ). Mice homozygous for DDB1 F appeared healthy and phenotypically indistinguishable from their wild-type littermates. DDB1 F mice were first crossed with mice carrying a Cre transgene under the control of the adenovirus EIIa promoter that targets expression of Cre recombinase to the early mouse embryo (Lakso et al., 1996) Table S1 in the Supplemental Data, top panel). Extensively degenerated embryos were often observed at E12.5, suggesting that the complete inactivation of DDB1 causes early embryonic death.
DDB1 Deficiency in the CNS Results in Neonatal Lethality
To bypass the early lethality of null DDB1 embryos and to achieve CNS-specific inactivation of the gene, DDB1
F homozygous mice were crossed with Nestin-Cre transgenic mice. DDB1 F/F Nes-Cre mice were born at the expected Mendelian frequency, but all died within 24 hr after birth (Table S1 , bottom panel). Genomic DNA from multiple tissues dissected from DDB1 F/F Nes-Cre or control newborn mice were analyzed by Southern blotting ( Figure 1D ) or PCR ( Figure S1D ), confirming efficient recombination within the floxed DDB1 allele specifically in the brain. Furthermore, western blotting of whole-brain extracts prepared from the mutants showed nearly complete loss of the DDB1 protein ( Figure 1E ). The trace amount of DDB1 detected in the mutant extracts probably reflects the protein present in Cre-negative cells such as endothelial cells of blood vessels and meninges in dissected neural tissues (inset in Figure S4F ). Taken together, these results show that Cre-mediated deletion of exon 5 of the DDB1 gene led to DDB1 deficiency in the CNS and neonatal death. Figures 2A and 2B ). Histological analyses of mutant brains revealed that the lateral ventricles were dramatically enlarged, with a nearly complete loss of cells in the ventricular zone (VZ) and subventricular zone (SVZ), as shown in sagittal brain sections ( Figures 2C-2F ). The neural progenitor cells (NPCs), which are the major population of cells in the VZ and SVZ, actively undergo mitosis to produce new neurons that become postmitotic after migrating to the outer layers of the cortex. Immunostaining with Ki-67, a nuclear antigen expressed in all proliferating cells except those in G0 or early G1, identified NPCs in the VZ and SVZ of control brains ( Figure 2K ), but rarely identified any proliferating cells in mutant brains ( Figure 2L ). The expression of a postmitotic neuronal marker, neuronal nuclei (NeuN), was complementary to that of Ki-67 and readily detected in the mutants ( Figures 2M and 2N ). Like the VZ and SVZ of the lateral ventricle, the external granular layer (EGL) of the cerebellum, another proliferative zone in the newborn brain, was almost completely missing in the mutant cerebellum, which was also much smaller than that of the control ( Figures 2G-2J ). Also missing were the VZ and SVZ in the olfactory bulb of the mutants (data not shown). The missing tissues exposing the AQ and IVV in the mutants were those normally generated by the VZ and SVZ surrounding the corresponding ventricles during embryonic brain development. All these data suggest that loss of DDB1 resulted in either massive death or premature differentiation of the NPCs residing in the proliferative zones of the CNS.
Severe Cavitations and Hemorrhages in DDB1
The remaining laminated layers of the cerebral cortex, though grossly preserved, had significantly fewer cells and many red blood cells apparently released from ruptured and abnormally dilated cerebrovascular vessels (data not shown). The vascular defects were further exemplified by immunodetection of laminin, a marker for the basement membrane of blood vessels (Figures 2O and 2P) . Mutant brains had a dramatic reduction in the total number of blood vessels. Most regions in the dorsolateral cortex were completely devoid of any vasculature, and the few remaining vessels were dramatically dilated in diameter as compared with those in the same region of the control cortex (compare insets in Figures 2O and 2P ). Likewise, many blood vessels were dilated in the cerebellum of the mutant brain, but severe hemorrhage was not found except in the rostrolateral tip. Other parts of the nervous system, including the brain stem and spinal cord, were grossly normal.
Depletion of NPCs by Apoptosis in DDB1
F/F Nes-Cre
Brain during Embryonic Development
In the CNS of Nes-Cre mice, Cre recombinase is active in NPCs by E10.5 and induces nearly complete recombination in all CNS cells after E12.5 (Graus-Porta et al., 2001) . Brains dissected from DDB1 F/F Nes-Cre embryos did not show any significant abnormality until E14.5, when the NPCs in the VZ and SVZ underwent massive apoptotic death, indicated by pyknotic nuclei that were numerous in the ganglionic eminence ( Figures 3A-3D ) and less severe in the neocortex ( Figures 3E and 3F ). These pyknotic nuclei often formed in clusters ( Figure 3F ). Apoptosis peaked at E15.5 as judged by counting pyknotic nuclei in tissue sections (data not shown), and this was verified by terminal dUTP nick end labeling (TUNEL) assay (Figures S3A and S3B) . At E16.5, cavitations resulting from hypocellularity became obvious in the VZ and SVZ while the remaining cells in these proliferative zones continued to die ( Figures 3G-3J ). By P0, apoptosis essentially came to an end, leaving behind hollow lateral ventricles lined without apparent VZ or SVZ and with a much thinner cortex (compare Figure 2D with Figure 2C and Figure 7B with Figure 7A ).
Intracerebral hemorrhages started to appear in the caudate-putamen at E16.5, with decreasing severity from the rostral to caudal direction ( Figures 3G and 3H ). Some blood vessels were apparently dilated, as judged by examination of sections after laminin staining, in regions where cells were lacking (data not shown). The total number of blood vessels in the mutant brain was comparable to that in the control brain at E16.5. However, while blood vessels continued to grow and branch out in control brains, there were dramatically fewer blood vessels in the mutant newborn brain than those in either the control newborn or the E16.5 mutant brain, particularly in the cerebral cortex. There were approximately 12-fold fewer vessels by count of laminin-stained sections in the mutant as compared with control newborns (Figures 2O and 2P ). This suggests that regression or degeneration of blood vessels after E16.5 accounts for the significant reduction of the vessels in the mutant newborn brain.
Apoptosis accounted for the loss of other proliferative zones in the developing mutant brain. The dentate gyrus, which was anatomically normal at E16.5, exhibited many apoptotic cells in the subhilar zone (arrows in Figures 3K  and 3L ). Pyknotic nuclei were found in the VZ surrounding the AQ (Figures S2A-S2D) , the EGL and VZ of the cerebellum ( Figures S2E-S2H) , and the SVZ surrounding the IVV ( Figures S2I-S2J ) at E14.5. Massive apoptosis resulted in obvious hypocellularity in all the corresponding areas at E16.5 ( Figures S2K-S2T) , and proceeded to nearly complete cell depletion that either exposed the AQ and IVV or removed the EGL from the diminished cerebellum at P0 (compare Figure 2H with Figure 2J ). In summary, loss of DDB1 selectively eliminated nearly all dividing NPCs during embryonic brain development.
Degeneration of DDB1
F/F Nes-Cre Lens Unexpectedly, histological analysis of eyes revealed severely degenerated lenses in the mutant ( Figures 4C and  4D ). Whereas the control lens contained well-ordered arrays of cells, the mutant lens showed significantly fewer cells, which were abnormally shaped and poorly organized (Figures 4E and 4F) . As a result of these cellular changes, the mutant lens was much less transparent than the control lens (Figures 4A and 4B) . Like the CNS, the DDB1
Nes-Cre lens developed normally until E14.5, when a few pyknotic nuclei were identified in the anterior part of the equatorial region ( Figures 4G and 4H ). This is the major proliferative region in the lens, where epithelial cells, exiting from the central nondividing epithelium, actively divide to populate the posterior region (Bhat, 2001 ). At E15.5, numerous progenitor epithelial cells of the mutant lens were positive in TUNEL analysis ( Figures S3C and S3D ). At E16.5, though the overall lens morphology was maintained by the differentiated fiber cells, significantly fewer epithelial cells were present in either the central pool or the equatorial region, while pyknotic nuclei were identified in the whole epithelium layer (Figures 4I-4L ).
To our knowledge, no published report has addressed the Cre recombinase activity in the lens from Nes-Cre mice, though endogenous nestin transcript and protein can be detected in lens epithelium by E12.5 and in lens fibers after E14.5 (Yang et al., 2000) . By immunostaining for DDB1, we found that DDB1 was ubiquitously expressed in all wild-type lens epithelial and fiber cells at E14.5. We detected no DDB1 protein in the lens epithelial cells and newly differentiated lens fiber cells of the E14.5 DDB1
Nes-Cre embryos ( Figures S4G and S4H ), suggesting that Cre recombinase had targeted DDB1. These results indicate that ablation of DDB1 in lens lead to apoptotic death of the dividing epithelium first, followed by complete lens degeneration due to failure to replenish fibers at the time of birth. No gross defect was found in DDB1 F/F Nes-Cre retina. Expression of DDB1 in the mutant retina was not different from that in the control, suggesting that the nestin promoter is not active in retina and likely explaining the lack of defect in retinal development.
Survival of Postmitotic Cells Does Not Require DDB1 DDB1 protein was broadly expressed, mainly in the nucleus, in all cell types in the wild-type CNS throughout embryonic development, as shown by immunostaining for DDB1 (Figures S4A, S4C, and S4E ). In the CNS of Figures  S4A and S4B ), but was retained in meningeal cells and blood vessels (arrow in Figure S4B inset), where Cre is not active. From E14.5 to postnatal day P0, DDB1-positive cells were very rare in either the VZ/SVZ or postmitotic laminated layers ( Figures S4C-S4F) , and the majority of DDB1 staining was confined to blood vessels (insets in Figures S4D and S4F ). Therefore, from E14.5 to birth, apoptotic death predominantly affected the mitotic NPCs, but rarely affected the postmitotic neurons, despite the fact that all of these cells of the mutant mice had lost DDB1 expression. Differentiated lens fibers did not die in the absence of DDB1, while all progenitor epithelial cells underwent apoptosis. These data suggest that DDB1 is essential for survival of proliferating cells but not required for survival of cells that have exited the cell cycle, at least for a substantial time span.
Accumulation of Cdt1 and DNA Damage in Proliferating Cells Deficient in DDB1 DDB1 participates in the NER of damaged DNA in mammalian cells (Tang and Chu, 2002) , and deletion of DDB1 in fission yeast leads to accumulation of spontaneous mutations (Holmberg et al., 2005) . To assess whether DDB1 deletion in the mouse brain interferes with genomic integrity, we first immunostained brain tissues from E14.5 embryos for histone H2AX phosphorylated at serine 139 (g-H2AX), a DNA damage marker induced by a wide array of insults. g-H2AX was broadly detected in NPCs of the VZ in the mutant brain ( Figures 5B and 5D ) and in the proliferative epithelial cells of the equatorial region in the mutant lens ( Figure 5F ). Control brain sections ( Figures 5A and  5C ) or lens sections ( Figure 5E ) exhibited very few or no g-H2AX-positive cells. In addition to the strong staining of apoptotic nuclei, many more morphologically normal NPCs showed positive staining in the subnuclear foci (insets in Figures 5C and 5D ). To further identify the specific types of damage lesions, the E14.5 brain sections were immunostained with an antibody against 8-hydroxy-dexoxyguanosine (8-OHdG), a principal component of oxidatively damaged DNA (Klein et al., 2002) . In the mutant brain, perinuclear staining was prominent in the clustered apoptotic cells, but many other cells within the VZ also exhibited lighter staining ( Figures 5J and 5L ). No positive staining was identified in the postmitotic layers of the mutant ( Figure 5J ) or in any regions of the control brain (Figures 5I and 5K) . Examination of sections stained with antibody against the DNA replication licensing factor Cdt1 showed an approximately 4-fold increase in the number of positive cells and an increase in stain intensity, specifically in the SVZ, but not the VZ or postmitotic layers (Figures 5M-5P ). These immunohistochemical results indicate that DDB1 deficiency led to abnormal accumulation of Cdt1 and DNA damage, such as oxidative damage, in the proliferating cells in the brain and lens.
Characterization of DDB1-Deficient Mouse Embryonic Fibroblasts
Mouse embryonic fibroblasts (MEFs) were derived from DDB1 F/F embryos at E13.5 and infected with either a Cre-expressing or an empty adenoviral vector. Four to five days after infection, DDB1 protein was barely detectable in the Cre-expressed MEF extracts ( Figure 6A , top). Consistent with the known affinity of the DDB complex for damaged DNA, these DDB1-deficient MEF (DDB1 À/À ) extracts were deficient in UV-DDB activity as judged by a gel mobility shift assay using a UV-damaged DNA as the probe ( Figure 6B ). We then measured the steady-state levels of various known DDB1-Cul4A substrates and cell cycle regulators by immunoblotting of the infected MEF lysates ( Figure 6A ). The levels of Cdt1, p27Kip1, and c-Jun were all increased in DDB1 À/À MEFs as compared with control DDB1 F/F MEFs, while the levels of cyclin E, cyclin A, and Serine-5 phosphorylated RNA polymerase II (Pol II) did not exhibit obvious changes. After UV irradiation, Cdt1 was completely degraded in DDB1 F/F MEFs, but dramatically increased in the absence of DDB1. This result is consistent with the recent finding that DDB1-Cul4A is the major E3 ubiquitin ligase responsible for the degradation of Cdt1 in response to UV damage (Nishitani et al., 2006) . Although depletion of DDB1 caused dramatic increases in basal p27Kip1 levels, we suspect this change is likely only an indirect consequence of the DDB1 depletion: tests of the kinetics of p27Kip1 induction showed that the increases occurred very late after Cre expression, and cycloheximide chase revealed no increased stability of p27Kip1 after DDB1 depletion (data not shown). UV irradiation led to the accumulation of comparably high levels of p27Kip1, c-Jun, and Serine-5 phosphorylated Pol II in MEFs both proficient and deficient in DDB1 ( Figure 6A ). Efforts to detect changes in DDB2 levels after DDB1 depletion were unsuccessful, due to the low levels of endogenous DDB2 and the low efficiency of transformation or transduction of these primary MEFs with DDB2 expression constructs. However, it is clear that the damaged DNA binding activity of the DDB1/DDB2 complex was lost in the mutant MEFs ( Figure 6B ).
These changes in protein levels were accompanied by defects in cell growth and genomic stability. DDB1
À/À
MEFs grew much more slowly than DDB1 F/F MEFs and eventually stopped dividing ( Figure 6C ). The deficient cells were more sensitive to UV irradiation than the control cells ( Figure 6D ). In addition, DDB1 À/À MEFs exhibited distinct morphology, with enlarged and elongated nuclei (data not shown) and a high frequency of micronuclei, detected in 18% ± 1% DDB1 À/À cells versus 4% ± 2% DDB1 F/F cells by DAPI staining (Figure 6E ), suggesting that deletion of DDB1 led to genomic instability (Rajagopalan et al., 2004) . Examination of the cells after immunostaining for g-tubulin revealed that many contained multiple centrosomes (21% ± 3% DDB1 À/À cells versus 7% ± 1% control DDB1 F/F cells; Figure 6F ), suggesting that the cells would often fail to carry out proper chromosome segregation. Efforts to examine chromosomes in DDB1 À/À MEFs by spectral karyotyping and pan-centromere hybridization were not successful, yielding very few readable metaphase spreads. The few cells scored did not exhibit significant chromosomal rearrangements or other gross changes (data not shown), but we suspect that the need for metaphase cells in these assays selected for rare cells that retained the DDB1 gene due to incomplete infection with the Ad-Cre virus, or selected for cells in which DDB1 deficiency had not yet developed. The pleiotropic changes in these MEFs depleted of DDB1 suggest that DDB1 plays an important role in maintaining genomic stability and regulating cell division. 
Nes-Cre Brain and Lens
The p53 protein is frequently upregulated in response to DNA damage. Therefore, we performed immunodetection of p53 with DDB1 F/F Nes-Cre brain sections from E14.5
embryos. Many cells in the VZ exhibited an elevated level of the p53 protein ( Figure 5H ). p53 was not detected in any cells in the postmitotic layers of the mutant cortex (data not shown) or any regions of the control brain ( Figure 5G ). This evidence provoked us to test whether the p53 pathway mediated the apoptosis of proliferating NPCs or lens epithelium in the DDB1 F/F Nes-Cre embryo. We crossed DDB1 F/+ Nes-Cre mice with p53 +/À mice (Jacks et al., 1994) , and by intercrossing, generated newborn Figure 7C with Figures  7A and 7B) . The number and morphology of the blood vessels in the double mutant brain closely resembles those in the brains from DDB1 F/F or p53 À/À littermates (compare Figure 7I with Figure 2O , and data not shown), which is consistent with the notion that the vascular defects are probably secondary to the surrounding hypocellularity. Most strikingly, the rescued VZ and SVZ, particularly around the ganglionic eminence, in the double mutant brain were irregularly enlarged, with areas densely packed with a high abundance of abnormal cells. These cells exhibited a high frequency of mitotic figures, apoptosis, and irregularly shaped nuclei with abnormal sizes, along with a high nucleus/cytoplasm ratio and Rosetta-like clustering ( Figures 7E and 7F ), as compared with the same region of the DDB1 F/F brain ( Figure 7D ) or p53 À/À brain (data not shown). In addition, these abnormal NPCs were not well confined to the VZ or SVZ, but infiltrated into the intermediate zone, as shown by immunostaining for proliferative cells and postmitotic neurons (compare Figures 7G  and 7H with Figures 2K and 2M) . Apoptosis was not completely suppressed in the double mutant brains; rather, a moderate number of pyknotic nuclei were present in the dorsolateral VZ and SVZ, suggesting that a fraction of these cells could undergo programmed death via an alternative pathway independent of p53. The cerebellum and the tissues surrounding the AQ and IVV in the double mutant mice were restored to normal size. The architecture and lamination of the cerebellum, however, were lost, and the restored cells were disorganized and exhibted many large and apoptotic nuclei ( Figures 7J and  7K ). These abnormalities in the forebrain and cerebellum likely account for the neonatal death of the double mutant animals.
Deletion of p53 also partially rescued the extensive loss of epithelial cells in the DDB1 F/F Nes-Cre lens (compare Figure 7L with Figures 4C and 4D) . However, these rescued cells were morphologically distinct from those of the normal controls ( Figure 7M ), with abnormally large or small nuclei with irregular shapes, sporadic apoptosis, and in some areas, clustered cells with a high frequency of mitotic division ( Figure 7N ). The neonatal death of all double mutants prevented further analysis of the abnormal growth of either NPCs or lens epithelial cells for possible tumor progression. We conclude that a functional wild-type p53 is a major factor mediating apoptosis of proliferating cells deficient in DDB1, and that the cells deficient in both p53 and DDB1 survive but proliferate abnormally.
DISCUSSION

Role of DDB1 in DNA Damage Response
The studies of the mutant mice presented above demonstrate that deletion of DDB1 in the mouse brain and lens leads to genomic instability and proliferation-dependent apoptosis. There are several mechanisms by which loss of DDB1 may cause these phenotypes. One possible trigger of these consequences is the accumulation of unrepaired DNA damage. Biochemically, DDB1 directly participates in repair of UV-damaged DNA lesions through the NER pathways (Groisman et al., 2006; Tang and Chu, 2002) , and indeed loss of DDB1 in the mutant mice led to accumulation of oxidative DNA damage. However, DNA damage itself may not be the sole cause of the defects. Mutations in the other NER components in XP or CS patients or in transgenic mice do not result in the severe developmental defects seen in our DDB1 mutant mice (Bootsma et al., 2002) . Another explanation is that deletion of DDB1 could result in aberrant regulation of DNA replication. DDB1, in association with PCNA and Cul4A, degrades Cdt1 in dividing cells, after firing of DNA replication in the S phase of the cell cycle or in response to DNA damage (Arias and Walter, 2006; Hu et al., 2004) . Depletion of DDB1 by RNA interference in mammalian cells stabilizes Cdt1 levels after UV-induced DNA damage, but not during the cell cycle due to the compensatory degradation of Cdt1 by the SCF-Skp2 ubiquitin complex (Nishitani et al., 2006) . Nondividing cells, such as postmitotic neurons and lens fibers, do not express PCNA or replicate their DNA, and are presumably more refractory to the ablation of the DDB1-Cul4A ubiquitin ligase complex. Consistent with this idea, we detected increased levels of Cdt1 in dividing cells of the DDB1 mutant brain. DDB1-deficient MEFs showed a modest increase in Cdt1, but a very dramatic accumulation in Cdt1 after UV irradiation. A third possible mechanism of action of loss of DDB1 is misregulation of the cell cycle. Several other proteins such as p27Kip1 and c-Jun were upregulated by the loss of DDB1. We speculate that a combination of these effects-the failure of DDB1 to repair oxidative damage, the failed degradation of Cdt1, or the abnormal accumulation of c-Jun and p27Kip1 proteins-could account for the selective apoptosis of dividing cells we have observed in DDB1-deficient mice.
Role of DDB1 in CNS Development
To our knowledge, no mutation in any DNA damage repair or response gene has been reported to cause apoptosis of neuronal progenitor cells, which actively divide and differentiate to populate the whole CNS. We found that inactivation of DDB1 eliminated all dividing NPCs through apoptosis but spared the postmitotic neurons. Though pyknotic nuclei were occasionally identified in the intermediate zone with even fewer in the outer layers of the cortex, these cells were usually embedded in blood or isolated from other cells, implicating loss of trophic factors required for their survival. Cre recombinase is expressed in the brain of the Nes-Cre mouse at E10.5 (Graus-Porta et al., 2001 ), but massive apoptosis in the DDB1 F/F NesCre mutant did not occur until E14.5. This phenotypic delay likely reflects the slow turnover of the DDB1 protein and the progressively increased genomic instability that could trigger apoptosis. Apoptosis of NPCs almost finished by P0, leaving behind a brain with essentially no proliferative cells and many fewer postmitotic neurons due to loss of NPCs. The VZ and SVZ surrounding various ventricles, the subhilar zone of the dentate gyrus, and the EGL of the cerebellum were all destroyed by programmed cell death of the resident proliferating cells. Neonatal death of all mutant mice precludes our analysis of the effect of DDB1 loss in the long-term survival of postmitotic neurons. Therefore, it is still possible that requirement of DDB1 in postmitotic neurons, if any, may not have been manifested in the current study.
Another CNS defect of the mutant was the extensive intracerebral hemorrhage due to rupture or leaking of severely dilated blood vessels in the forebrain. These abnormal vessels were mostly found in the neocortex and ganglionic eminence where hypocellularity was prominent. The walls of the dilated vessels contained many endothelial cells (data not shown), which either failed to form branches due to vessel regression or overproliferated in response to loss of environmental cues. Hemorrhages were closely linked to dilated blood vessels and cerebral hypocellularity, which became prominent after E16.5. Nes-Cre does not drive deletion of floxed genes in the endothelial cells or pericytes of the cerebrovasculature (Wen et al., 2005) , and thus the abnormal blood vessels and hemorrhages are unlikely to be cell-autonomous defects, but are probably secondary to hypocellularity.
DDB1 Loss in Neurodegeneration and Tumorigenesis
Mechanisms underlying the neurological symptoms of CS and certain XP patients are unknown. A high level of oxidative metabolism in the brain has been proposed to produce damage lesions that are repaired by NER pathways, but this model gained little support from mouse models with targeted manipulation of NER factors (Cleaver, 2005) . DDB1 is so far the only NER factor that, when inactivated, leads to massive cell death in the CNS. It is possible that the physiological function of DDB1 might be impaired in the CNS of CS and XP patients, which would result in increased genomic instability and eventual manifestation of neurological symptoms. DDB1 may also play a similar role in other neurodegenerative disorders such as Alzheimer's disease (AD). It is believed that abnormal metabolism of the amyloid precursor protein (APP) in the brain is central to the etiology of AD (Tanzi and Bertram, 2005) . The cytoplasmic tail of APP has been shown to interact with DDB1 in vitro (Watanabe et al., 1999) , suggesting that APP could regulate neuronal apoptosis directly by interfering with DDB1-dependent neuronal survival.
Strikingly, the programmed death of dividing cells that are deficient in DDB1 can be largely rescued by removal of the tumor suppressor p53. It was reported previously that defects in XRCC4 or Lig4 knockout mice, including neuronal apoptosis and embryonic lethality, can similarly be rescued by deletion of p53 Gao et al., 2000) . Here we show that removal of p53 not only rescued many defects of the brain and lens from the DDB1 F/F Nes-Cre mutant, but also promoted abnormal overproliferation of the rescued mitotic cells. There were still many apoptotic cells in and around the proliferative zones in the double mutant brain and lens, suggesting that p53 deficiency was not sufficient to totally protect from apoptosis. The surviving NPCs appeared to be proliferating aberrantly, however. These cells densely aggregated in some areas of the VZ and SVZ of the brain, but were absent in other areas. Histological examination of these cells revealed that they were drastically different from normal NPCs, with irregular and enlarged nuclei, increased mitotic figures, and focal regions of high cell density. We predict that proliferating cells in our double mutant mice would show genomic instability and become transformed if allowed to survive in a viable host.
EXPERIMENTAL PROCEDURES
Generation of DDB1 F Mice
A 13.7 kb EcoRI/EcoRI fragment containing the first eight exons of the DDB1 gene was isolated from a YAC-vector (Genome Systems, St. Louis, MO) and subcloned into pBlueScript II vector (Stratagene, La Jolla, CA). The targeting vector for generation of the floxed DDB1 allele contained at the 3 0 arm 2.7 kb genomic sequences from the middle of intron 5 to the end of intron 7. The 5 0 arm of the vector contained exons 1 to 5 of the DDB1 gene, with one loxP site (ATAACTTCGTATAA TGTATGCTATACGAAGTTAT) inserted into the middle of intron 4. The neomycin resistance cassette (Neo r ) flanked by two loxP sites was inserted into the middle of intron 5. Two Diphtheria Toxin A (DTA) cassettes were amplified from the plasmid pKODT (Lexicon Genetics, The Woodlands, TX) and introduced into both ends of the targeting construct as negative selection for random genomic integration. Following homologous recombination in E14 ES cells, an expression vector of Cre recombinase (Gu et al., 1993) was transiently transfected to delete the Neo r cassette. Clones that retained two loxP sites flanking exon 5 were identified by Southern analysis. Four independent heterozygous ES cell clones were used to generate chimeric mice by blastocyst injection. Deleted allele of DDB1 was created by germlineinduced deletion of exon 5 by crossing DDB1 F/+ mice with a transgenic EIIa-Cre line (Lakso et al., 1996) . Transmission of the targeted loci was confirmed by Southern blotting and PCR. All mutant animals were bred on a mixed 1293C57BL/6J background.
Histology
Heads removed from embryos of calculated gestation stages, or brains and eyeballs dissected from newborn mice, were fixed overnight at 4 C in PBS-buffered 4% paraformaldehyde and embedded in paraffin. Brains or whole heads were sectioned at 10 mm coronally or sagittally, and eyeballs sectioned at 5 mm through the lens. Sections were stained with hematoxylin and eosin (H&E).
Immunohistochemistry
Sections were dewaxed by standard techniques. Tissue antigens were unmasked and sections were incubated with various specific antisera (details in the Supplemental Data). Staining procedures and chromogenic reactions were carried out either following the protocols recommended for the corresponding antibodies or according to the protocols of the Vectastain ABC Kit (Vector Laboratories, Burlingame, CA).
Analyses of MEFs
MEFs were isolated from E13.5 DDB1 F/F embryos. MEFs at an early passage were infected for 3 days with either an adenoviral vector expressing Cre recombinase or an empty vector (Chen et al., 2005) , and half of the plates were then subjected to 50 J/m 2 UV irradiation. Wholecell extracts were prepared 1 hr later for immunoblotting with antibodies against Cdt1 (gift of Takeharu Nishimoto); c-Jun, p27Kip1, and cyclin A (Santa Cruz Biotechnology, Santa Cruz, CA); Serine-5 phosphorylated RNA Pol II (H14, Covance, Berkeley, CA); cyclin E (Abcam, Cambridge, MA); and b-actin (Sigma, St. Louis, MO). For the damaged DNA binding assay, 1 mg of whole-cell extract protein was incubated with a 32 P-labeled DNA probe damaged by in vitro exposure to radiation (5000 J/m 2 ), and binding was assessed by electrophoretic gel mobility shift. For growth and UV sensitivity assays, the same number of cells were plated, and viable cells were counted every day up to 4 days, or 2 days after UV irradiation at 2, 4, and 8 J/m 2 , using dye exclusion method. Analysis of centrosomes was performed by immunofluorescence staining of methanol-fixed MEFs with mouse antib-tubulin (Sigma) followed by staining with goat-anti-mouse secondary antibody (Alexa Fluor 488, Invitrogen).
Supplemental Data
The Supplemental Data for this article can be found online at http:// www.cell.com/cgi/content/full/127/5/929/DC1/.
